For many animals, knowing the time of year and predicting the forthcoming season is crucial for their survival and that of their offspring. Recent research sheds light on hormonal mechanisms that perform this calendar function in birds and mammals.
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How does our brain know when to wake up in the morning? Dr. Seuss' Chippendale Mupp has an amusing method of timing such daily activities. It has an extraordinarily long (and, presumably, non-myelinated) tail, which it bites just prior to going to sleep. According to Dr. Seuss, its tail is so long that it doesn't feel any pain until the ''nip makes the trip'' to its brain exactly 8 hours later and causes it to wake up with a yell. This simple, yet effective, biological circuit might allow the Chippendale Mupp to know when it is morning, but how could it tell which season it was in? What are the local environmental conditions going to be like in three months? Should it try and hoard food? Breed? Migrate? Get fat? These are real, life-or-death challenges that wild animals face on an annual basis.
Daily, or circadian, activity in vertebrates is timed by the suprachiasmatic nucleus (SCN) in the brain [1, 2] and we now know a great deal about SCN biology. In contrast, timing of seasonal processes is less well understood. In all vertebrates, the hormone melatonin is secreted from the pineal gland at night, so the duration of the night (or day) dictates the duration of melatonin secretion. Thus, the melatonin signal provides organisms with a very accurate measurement of both the length of the day and whether the day lengths are increasing (spring) or decreasing (fall). Knowing this, one can rightly expect that many seasonally breeding animals use the nightly melatonin signal to time seasonally appropriate changes in their reproductive physiology and behavior.
Melatonin is important for timing seasonal processes such as gonadal growth and regression, but not all animals respond to it in the same way. Some mammals (e.g., sheep and deer) mate during short days and their young are born during the lengthening days the following spring. Other mammals with shorter gestation periods (e.g., hamsters and voles) mate and give birth solely during the long days of spring and summer. Melatonin administration to these animals (as an endocrine mimic of short days) has rapid and profound effects on their reproductive status. Short-day breeders, such as sheep, undergo gonadal activation and long-day breeders, such as hamsters, exhibit gonadal inactivation, but they all have one thing in common: melatonin duration provides time of year information to coordinate reproduction. Unlike in mammals, there is little evidence of a direct role for melatonin in the regulation of gonadal function in birds. Removal of the pineal gland and the eyes (the retina is also a significant source of melatonin in birds) does not alter the gonadal response to changing day length in American tree sparrows [3] . In some experiments, melatonin stimulates gonadal growth in birds [4] and, in others, it inhibits gonadal growth [5] . As such, there has been no unifying 'melatonin theme' in terms of a timing mechanism for seasonal breeding in birds and mammals.
Thyroid hormones have also been implicated in seasonal breeding. Removal of the thyroid gland in sheep, deer and several bird species completely disrupts seasonal changes in activity of the reproductive system, often prematurely inducing gonadal growth in birds [6, 7] , sheep [8, 9] and red deer [10] . So, if melatonin and thyroid hormones are important for timing of seasonal breeding, how do they interact?
The pars tuberalis (PT) of the pituitary might be a key component of the interaction between melatonin and thyroid hormones. The first of several recent findings that pointed to such a role for the PT was that, in quail mediobasal hypothalamus, long day lengths induce the gene encoding type 2 iodothyronine deiodinase (Dio2), an enzyme which activates thyroid hormone [11] ( Figure 1A ). Thus, long days increase conversion of thyroxine (T 4 ) into its bioactive form, tri-iodothyronine (T 3 ), to about 10-fold higher than under short-day conditions. In addition, infusion of T 3 into the brain induced testicular growth in quail held under nonstimulatory short days. Activation of Dio2 is one of the earliest events detected in the photoperiodic cascade. These effects on gene activation are thought to amplify the localized action of thyroid hormones and lead to neuroendocrine changes that cause secretion of gonadotropin-releasing hormone (GnRH) a few hours later. GnRH then causes release of gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the anterior pituitary gland, activating the gonads. The mechanism by which thyroid hormones are processed and transferred to the GnRH system is not yet known. Very recently, a wave of thyrotropin (TSH) b-subunit gene expression in the PT was identified even earlier than activation of Dio2 at hour 14 of a single long day [12] . Central administration of TSH to short-day quail stimulated gonadal growth and expression of Dio2. Thus, there appears to be a role for the PT and TSH in the regulation of T 3 and the avian photoperiodic response. How melatonin might fit into this scenario is not yet known, but a study on Soay sheep by Hanon et al. [13] , in a recent issue of Current Biology, might provide us with a new perspective. In that study, a similar effect on Dio2 and TSH by long days was identified in the PT of Soay sheep [13] , but the effect was much slower than in quail (10 days after the onset of long days, versus hours in quail) ( Figure 1B) . Collectively, these recent findings have the potential to revolutionize our understanding of vertebrate seasonal breeding. It is not yet known how the photoperiod signal is relayed to the pituitary and the hypothalamus to regulate TSH and Dio2, but the ovine PT expresses melatonin receptors. Thus, the daily melatonin rhythm could provide day-length information to the hypothalamus via effects on TSH release from the PT. As Hanon et al. [13] point out, the TSH-expressing cells of the PT might be part of an ancestral mechanism by which photoperiodic information is conveyed to the reproductive axis, although a mechanism for transmission of the day-length signal to the PT in quail still remains unclear and melatonin microimplants around the PT in some sheep have little effect on LH release [14] .
However exciting and potentially important these recent findings might be from the perspectives of ecology, physiology and evolution, it's obvious that they do not provide us with the full picture. For example, how is this common mechanism tweaked so as to cause short-day breeding in some species and long-day breeding in others? Also, we again have the avian/mammalian dichotomy in terms of the nature of their respective reproductive responses to melatonin. Furthermore, many mammals and birds, unlike Soay sheep, have hypothalamic melatonin receptors. Quail express melatonin receptors on a set of hypothalamic neurons that directly inhibits reproductive activity [15] . Hypothalamic melatonin implants in several mammals, including Soay (1) The light signal enters the brain via the skull and is detected by extra-retinal, deep brain photoreceptors (2), the exact identity and location of which are not yet known. Long day lengths induce TSH and Dio2 expression (3) in the pars tuberalis (red) and mediobasal hypothalamus, respectively, thereby causing a local increase in T 3 . This increase in T 3 is conveyed via an unknown pathway to promote the release of gonadotropin-releasing hormone (GnRH) from neurons (4) in the pre-optic area. GnRH then induces the release of gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary gland into the bloodstream to cause gonadal activation (5) . Note the lack of involvement of melatonin in this proposed pathway, even though the pineal gland in birds is lightsensitive in its own right. (B) A diagrammatic representation of the proposed novel pathway for photoperiodic timing in mammals. (1) The light signal is perceived by the retina and enters the suprachiasmatic nucleus (SCN) in the brain via the retinohypothalamic tract (RHT). Projections from the SCN then exit the brain to the superior cervical ganglion (SCG, 2). Postganglionic fibers subsequently project back into the brain and eventually innervate the pineal gland (3). At night, the pineal gland releases melatonin into the blood. Melatonin binds to receptors on the pars tuberalis (PT) surrounding the pituitary stalk (4, indicated in red). With the appropriate signal (long or short days, depending on the species), the PT increases production of TSH, which induces expression of Dio2 in the adjacent hypothalamus, resulting in the local production of T 3 . This increase in T 3 is conveyed via an unknown pathway to promote the release of GnRH from neurons in the pre-optic area (5) to the pituitary gland (6) . Gonadotropins are then released into the bloodstream to cause gonadal activation (7).
sheep, are sufficient to elicit reproductive responses, and ablating hypothalamic areas abolishes melatonin's effects upon reproduction [16] [17] [18] [19] . Thus, many vertebrates have a functional hypothalamic system with which they can potentially interpret day-length changes and regulate seasonal endocrinology and behavior via a more 'classic' pathway than the newly identified Dio2 pathway. Perhaps in vivo manipulations of Dio2 expression will help to clarify its role in seasonal timing.
Despite these caveats, it seems that these recent studies on Dio2 regulation via the PT bring us closer to understanding mechanisms of seasonal timing in birds and mammals. Because of the varied nature of the vertebrate photoperiodic response, it will be hard to identify a truly unifying mechanism. Thus, I'll reverse one of Dr. Proper growth and development of multicellular organisms require the tight regulation of cell growth, cell division and cell death. A recent study has identified a novel regulatory link between two of these processes: cell growth and cell death.
Cathy Savage-Dunn
Cell size is a fundamental and easily observable aspect of cell phenotype. It is somewhat surprising, then, that the mechanisms regulating cell size remain relatively mysterious. Cell size is dependent on the processes of cell growth, defined as an increase in cell mass, and cell division [1] . While numerous pathways regulating cell division have been identified, much less is known about the pathways regulating cell growth. In a recent issue of Current Biology, Chen et al.
[2] report evidence of a novel cell-growth-regulating mechanism that also functions to antagonize apoptotic cell death. Intriguingly, this growth-promoting activity may also be usurped to promote survival of cancer cells.
Several previous studies suggested a link between the regulation of total protein synthesis and cell-size control. For example, in yeast, genome-wide screens showed that ribosome biogenesis pathways regulate cell size [1] . The rate of ribosome biogenesis is regulated by the target of rapamycin (TOR) kinase, which is responsive to nutrient conditions [3] . Do similar size-regulating mechanisms operate in metazoans as in yeast? The importance of TOR and protein translation in regulating cell size in multicellular organisms has been confirmed by work in Drosophila [4] . Furthermore, studies in Drosophila have shown that insulin receptor signaling regulates both cell number and cell size, and that disruption of the insulin receptor signaling pathway results in flies with small body size [5] . A similar mechanism regulates size in mammals: knocking-out genes for insulin-like growth factor (IGF) ligands, receptors, or insulin receptor substrate (IRS-1) leads to reduced body size in mouse [6] . A major target of the insulin/IGF pathways in flies and mammals is the TOR kinase. TOR thus serves as a central mediator of
